Switching between linearly polarized states of slightly different optical frequencies with the same transversemode pattern is found, as the injection current is increased. Switchings found here for semiconductor rateequation models incorporating a vector electric field, birefringence, and the a factor are similar to previously reported experimental results.
Changes in the polarization state of the emitted field are sometimes seen as the excitation is changed for vertical-cavity surface-emitting lasers (VCSEL'S). Sometimes higher-order transverse modes appear, 1 -4 while in other situations the polarization state changes while the mode pattern remains f ixed. 2 -9 Emission is typically linearly polarized, oriented along the crystal axes. Birefringence of the crystal splits the emission frequencies of orthogonal linearly polarized f ields 8 (see also Refs. 1-3 and Ref. 5) , and sometimes there is emission on both polarizations when a difference in the optical frequencies cannot be resolved. 2 -4,10 The only explanation offered for the selection of a particular polarization is that one has a more favorable gain-toloss ratio and that switchings arise from changes in the relative gain-to-loss ratios (see, e.g., Ref. 3 ).
An alternative explanation, explored in this Letter, is that polarization-state switching arises from the coupling of the vector f ield to the saturable dispersion (represented by the a factor in semiconductor rateequation models) when the material is birefringent.
A rate-equation version of a recently developed model 11 appropriate for VCSEL'S operating on a single longitudinal spatial mode with the lowest-order transverse f ield pattern is as follows:
where for convenience we have decomposed the slowly varying amplitude of the vector electric f ield into amplitudes E 6 of the left (2) and right ͑1͒ circularly polarized basis states. N is the total population difference between conduction and valence bands, and n is the difference of the population differences between the two allowed transitions between magnetic sublevels. We recover the physics of the usual semiconductor laser rate equations by setting the variable n to zero. k is the field decay rate, a is the linewidth enhancement factor, v 0 ka is a frequency shift that leads to a zero optical frequency for the slowly varying amplitude of the field at the lasing threshold in the absence of anisotropies, g p gives the relative detuning of the linearly polarized modes, and g a is the strength of the anisotropic losses for the linearly polarized modes. We can most clearly display the meaning of the parameters g p and g a by rewriting Eq. (1) in the x -y basis:
Other parameters in Eqs. (2) and (3) are the decay rate g of the total carrier population; the normalized injection current m, which takes the value 1 at the lasing threshold; and the decay rate g s , which accounts for the elimination of magnetic sublevel population differences through spin-f lip relaxation processes, 11, 12 occurring on the order of tens of picoseconds. 13 The fact that the dynamics of the sublevel populations cannot be neglected through an adiabatic elimination of fast processes is evident when one considers that the decay rate g s is of the order of the time dependence (beating) resulting from the frequency splitting caused by g p and is less than the f ield decay rate. Previous analyses of gas lasers found that polarization-state dynamics depended sensitively on the frequency splitting of the modes, the loss anisotropies of the medium, and contributions of the material dynamics to the cross saturation of the orthogonally polarized fields.
geometrical distortions, and the third is contained in the spin-sensitive dynamical model for the carriers.
Without anisotropies, any linearly polarized f ield is a solution of Eqs. (1) - (3), and dynamically the orientation diffuses because of noise. However, the presence of birefringence ͑g p fi 0͒ f ixes the polarization emission axes and gives thex-andŷ-polarized solutions frequency shifts of g p and 2g p , respectively.
In narrow parameter regions we have also found simultaneous emission of differently polarized f ields at different wavelengths as well as elliptically polarized solutions, phenomena that correspond to certain experimental observations (Refs. 2-4 and Ref. 15, respectively) . Vigorous pulsations of the intensities of the polarized components are sometimes observed, with characteristic frequencies corresponding to the frequency splitting of the steady-state solutions (2-20 GHz, experimentally).
The linear stability of the linearly polarized states is determined by the following characteristic polynomial:
where 7 applies to thex-polarized and theŷ-polarized solutions, respectively. The stability boundaries for the linearly polarized solutions in the phase space ͑m versus g p ͞g) are represented in Fig. 1 . Thexpolarized solution is stable when
∏ ¡ µ g s g 1 m 2 1 ∂ (below the solid curve), and theŷ-polarized solution is stable when
(to the left of the dashed line). What makes a crucial difference in their stabilities is the relative detuning of the linearly polarized solutions with respect to the sign of a.
To demonstrate some of the types of switching possible within this model, we have varied the injection current for g p 2g and g p 10g. For comparison with typical experimental results we show f irst the time-averaged power of thex-andŷ-polarized components. For g p 2g there are two possible results since just above threshold ͑m 1͒ both solutions are stable: (i) if the system begins with theŷ-polarized solution, it retains this polarization as m is raised and lowered; (ii) if the system begins withx-polarized emission, it switches toŷ-polarized emission after passing successively through elliptically polarized emission, and more complex time-dependent emission (modulated at the optical beat frequency of order g p ).
We show this transition in Fig. 2(a) . In this case, if m is raised enough to produceŷ-polarized emission, this polarization state is retained stably when m is lowered, yielding an evident hysteresis signature. Spontaneous emission noise and the relative stability and spectral response of the two stable states lead to the selection of the initial polarization state, as the current is raised above threshold. We have not found 
21 , and a 3. experimental reports of such nonreproducible initial polarization-state selection as the current is raised or lowered with hysteresis in one case. However, near this value of g p unique switching transitions occur that are similar to those found experimentally, if there is a small loss anisotropy favoring thê x-polarized state ͑g a , 0͒, as shown in Fig. 2(b) . This is similar to Fig. 2(a) , but recall that Fig. 2(a) was one of two possible results when g a 0. The associated polarization of Re͑E͒ for certain current values indicated with arrows is shown in the top of the f igure. Figure 2(c) shows the optical spectra at these points. Thex-andŷ-polarized solutions have different optical frequencies. Elliptically polarized emission and states of modulated polarization appear in a narrow transition zone.
For sufficiently large frequency splittings ͑g p 10g͒ in the absence of loss anisotropy there is no abrupt switching at low values of the injection current, as shown in Fig. 3(a) . The lethargy of the spin dynamics leads to the selection of thex-polarized solution (because of the signs of a and g p ) rather than permitting both solutions near threshold. The saturation of the intensity of thex-polarized state observed at larger values of the injection current and the onset of thê y-polarized f ield appear similar to experimental results (Ref. 2, among others), but those results are clearly explained by the appearance of transverse modes, a phenomenon not included here. However, an abrupt switching in the polarization of the fundamental spatial mode such as that observed experimentally occurs in our model in this parameter range when we include a small loss anisotropy favoringŷ-polarized emission ͑g a . 0͒. This is shown in Fig. 3(b) , in which the behavior for values of m above the abrupt switch is nearly the same as in Fig. 3(a) .
The results demonstrate the effects of the conventional a factor of semiconductor rate equations when birefringence and a weak loss anisotropy are included. Figure 3 reveals additional and somewhat different phenomena resulting from a f inite spin relaxation rate. Although we have not included changes in the relative gains of the modes as the current is increased, the fact that saturable dispersion effects may select emission on the polarization state with the lesser gain-to-loss ratio suggests that the effects incorporated in our model may be more important than (or as important as) the gain-to-loss differential, at least when the gain differential is small (when the frequency splittings are small compared with the width of the gain prof iles).
